Abstract Macrophyte plants e.g. reed, cattails, bulrush, can be applied to sewage sludge utilisation. One of the first facilities of this type in the Gdansk region (Northern Poland) was established in Darzlubie in 1995 and primary sludge has been utilised in reed beds there. The objective of the undertaken research was evaluating the influence of sewage sludge storage on its chemical and biological properties. A total of 5.5 m thick layer of primary, anaerobically stabilised sludge (moisture 90-96%) was loaded to the reed bed during 6 years of operation. As a consequence of dewatering and biochemical transformation, the sludge layer decreased to 30 cm. Moisture, organic matter, total nitrogen and total phosphorus contents, as well as coli index, Clostridium perfringens index and the number of Ascaris lumbricoides ova were measured. Also the contents of heavy metals (Cu, Pb, Zn, Ni, Cr and Cd) were determined in sludge samples. The study showed that sludge storage in reed beds results in dewatering and partial stabilisation. In the reed lagoons in Swarzewo and Zambrow, dewatering of secondary sludges was investigated. The results of measurements of the quality of sludge and effluent from the reed lagoon in Zambrow are also presented.
Introduction
Within the last several years new methods of sewage sludge utilisation have been introduced. They may supplement or, on occasion, even replace traditional methods of sewage sludge utilisation, such as agricultural use, application to landfarming, incineration or landfilling. New technologies are especially suitable in rural areas where, for economic reasons, sewage sludge is stored in lagoons and drying beds operating in summer. In other seasons the sludge is transported to municipal landfills or to central conventional wastewater treatment plants (WWTPs). New technologies take advantage of aquatic plants' (reed, calamus, bulrush) or willow's (Salix viminalis) ability to grow in mineral soil periodically covered with layers of sewage sludge (Hofmann, 1990; Nielsen, 1993; De Maeseneer, 1996; Lienard and Payrastre, 1996; Pempkowiak and Obarska-Pempkowiak, 2002) .
In Northern Poland three macrophyte facilities were constructed: in Darzlubie near Gdansk (loaded with primary sludge), in Swarzewo near Gdansk and in Zambrow near Suwalki (loaded with secondary sludge). In this paper the design, operation and results of sludge utilisation in the mentioned facilities are presented. The measurements were carried out in order to evaluate the impact of plants on the rate of dewatering and decomposition of organic matter.
takes place in a hybrid constructed wetland. Digested sludge of volume 36 m 3 and moisture content 90-96% was removed from the Imhoff tank eight times a year and directed into the reed bed. There are two beds with a total area of 480 m 2 (12 × 20 m each) in the facility. The beds were constructed in 1995. Only one of the beds is in operation since the amount of sludge collected in the Imhoff tank has amounted to half of what was expected. The beds are constructed as tanks with concrete walls. The effluent is drained off through the draining pipes located in the sandy layer and the bed is aerated through ventilation chimneys. The drainage system is composed of the following layers (from the bottom to the top): coarse gravel 8/16 mm (30 cm thick), medium gravel 2/4 mm (20 cm thick) and sand 0.8 mm (10 cm thick). The gravel layer serves as a draining system while the sand provides growing medium for reed (Figure 1 ). The beds were planted with rhizomes of reed (Phragmites australis) with the density of 8 pcs/ 1 m 2 . The sludge is discharged to the bed via a φ 130 mm pipe. In order to prevent the bed from being hollowed out, 4 pavement tails 50 × 50 cm are placed in the area where the sludge is discharged (Zwara and ObarskaPempkowiak, 2000) . In January 1998 a small control bed (0.8 × 1.2 m), separated from contact with discharged sludge was established within the reed bed.
Reed lagoon in Swarzewo
In the mechanical -biological treatment plant in Swarzewo, 4,000 m 3 /day domestic sewage in winter and 6,500 m 3 /day in summer are processed. After screens and sandtraps, the sewage is directed to biological reactors with activated sludge. The excess sludge of 98% moisture (800 m 3 /day in winter and 1,000 m 3 /day in summer) is stored in 32 drying beds (10 × 30 m each). Beds are flooded with sludge 3-4 times per year. Since the area for sludge drying was insufficient, the reed lagoon was constructed in autumn, 1994. The total area of the lagoon was equal to 2,500 m 2 (50 × 50 m). In the period from January to April 1995, reed rhizomes were planted with the density of 9-15 pcs/m 2 (Obarska- Pempkowiak et al., 1997) .
Reed lagoon in Zambrow
In the WWTP in Zambrow (Podlaskie voyevodship), the average amount of treated domestic sewage is equal to 3,500 m 3 /day. Domestic sewage and rainwater are collected separately. Domestic sewage undergoes treatment in screens, sandtrap and biological reactors with activated sludge. The excess secondary sludge (of the amount of 150 m 3 /day), of 99% moisture, is collected in two traditional lagoons in the non-vegetation period. In the vegetation season it is discharged directly to a reed lagoon of the total area of 5,500 m 2 . The amount of sludge utilised in the reed lagoon equals 87% of the total volume of produced (13%) is directed to the vermiculture beds during the summer season, and, in autumn, it is used in landfarming. The bottom of the beds is covered with a layer of clay. Above the clay layer there are draining pipes (φ100 mm) in a filtration medium. The effluent collected by the draining pipes is recirculated and mixed with raw sewage inflowing to the WWTP. The reed was planted in the sandy filtration medium with the density of 4 pcs/m 2 (Alachamowicz and Gawkowski, 2001 ).
Methods
Measurements of the sludge were recorded in Darzlubie for six years. The bed was divided into 4 sections along the symmetry axes. The samples of sludge were collected from 4 sampling points located in the centre of each section. The samples were collected from four layers of the vertical profile of the bed (I -0 to 7 cm from the bottom of the bed, II -7 to 14 cm, III -14 to 22 cm, IV -22 to 30 cm). An average sample was obtained by mixing equal volumes of collected material. The samples were collected in the period 1995-2000 at 6 weeks intervals, following the frequency of sludge loading. In Swarzewo the thickness of the sludge layers was also measured in the period 1995-1998. The average samples of nonstratified sludge were collected once a month during the period of investigation. In Zambrow the layers of sludge discharged to the bed and remaining in the bed were measured only once a year in the period 1997-2000. The average samples of nonstratified sludge were collected once in 3 months.
The following parameters were determined in the sludge samples: moisture, organic matter, total nitrogen and total phosphorus contents, the fecal coli index, Clostridium perfringens index and the number of parasite ova. The analyses were carried out according to standard methods. A detailed description of analytical methods was presented elsewhere (Obarska- Pempkowiak et al., 1997; Zwara and Obarska-Pempkowiak, 2000) . Also, the average contents of heavy metals: Cu, Pb, Ni, Zn, Cr and Cd in non-stratified sludge stored in the bed were determined. The total contents of heavy metals were determined for a 1 g sample of homogenized sludge. After digestion in 5 ml of HCl and HNO 3 (3:1) for 2 hours at 80°C, the mixture was centrifuged and the supernatant was evaporated to dryness. Then, the dry residue was dissolved in 0.1 M HNO 3 . All solutions were analysed for heavy metals in a model video 11E atomic absorption spectrometer (Thermo Jarrel Ash). Both flame and electrothermal atomizations were applied. Appropriate blanks were analysed at the same time as the samples.The concentrations of BOD 5 , COD, SS, total nitrogen and total phosphorus in the effluent collected from the draining system were measured three times in the investigation period as well.
Results and discussion
The results of sludge thickness measurements of sludge layers in Darzlubie are presented in Figure 2 . The total thickness of sludge discharged to the bed was 5.5 m and the thickness of the remaining layer of sludge was only 0.30 m. The 15 cm thick layers of primary, anerobically stabilised sludge, were discharged to the bed once in 6 weeks. Thus, the annual amount of sludge was equal to 1.2 m 3 ⋅m -2 ⋅a -1 . EPA suggests the following hydraulic loading of the beds: 0.78 m 3 ⋅m -2 ⋅a -1 for anaerobically stabilised sludges with a dry matter content of 5%. According to De Maeseneer (1996) , the wetland systems operating in Western Europe were fed with sludge 8, 16 or 24 times a year. The hydraulic loadings varied from 0.4 to 1.6 m 3 ⋅m -2 ⋅a -1 for anaerobically stabilised sludges. Thus, the hydraulic loadings of the beds in Darzlubie were similar to the ones applied in other countries.
The inlet volume of the sludge decreased by 94.6% due to the transformations taking place in the beds. Similar results were obtained by Nielsen (1993) during investigations in Allerslev and Regstrup (90.3%). The main reason for the decrease of the sludge volume was dewatering and, to a smaller extent, biochemical decomposition (Nielsen, 1993) .
The average results of measurements of moisture, organic matter content, total nitrogen and total phosphorus contents for the stratified layers of sludge from the reed bed in Darzlubie are presented in Table 1 . The lowest average moisture was measured in the layer I, lying directly on the mineral medium. No significant changes of sludge moisture along the profile were observed (Table 1) . It is probably due to frequent loading of sludge and atmospheric precipitation, which causes filtration of rainwater through the entire layer of sludge. The decrease of moisture in the deepest layer was probably caused by changes in the structure of sludge resulting from biochemical changes of organic matter. Penetration of the sludge layer by roots and rhizomes of reed creates conditions suitable for heterotrophic microorganisms and formation of a rhizosphere. Lower average moisture of the layer IV (subsurface) in comparison to the layer III, resulted from the loss of water due to evaporation.
The mean content of organic matter varied from 50.1 to 43.3%. The lowest content of organic matter (43.3%) was measured in the layer I (the bottom layer) while the highest values were observed in the surface layer (layer IV). The average difference of organic matter content along the profile was equal to 6.8% d.m. This indicates that approximately 14% of organic matter loaded to the bed was decomposed.
The nutrient content (nitrogen and phosphorus) in the organic matter changed with wide variation. The standard deviations varied from 18 to 30% for nitrogen and from 22 to 45% for phosphorus. The values of standard deviations were lower for layers I and II (those were stored for a longer period of time) and the highest for the IV layer. The changes of quality of loaded sludge determined the contents of nutrients in the surface layer. The changes in nutrient content in the lower layers were caused by decomposition of organic matter and sorption of nutrients dissolved in the drainage waters on the filtration medium. The average contents of nitrogen and phosphorus were stable down the profile and ranged from 2.3 to 2.5% of organic matter and 0.23 to 0.27% organic matter, respectively. Only in the surface layer (layer IV) was it slightly higher (2.5%).
The results of sanitary parameter determinations of the sludge from Darzlubie are presented in Table 2 . In the analysed samples of sludge, the number of Ascaris lumbricoides ova increased from 80 to 4,500 in 1 kg d.m. After 8 months of storage without loading fresh layers of sludge, the numbers of invading ova of Ascaris lumbricoides per 1 kg d.m. slightly increased. However, bacteriological analyses showed that the coli index of the sludge decreased and pathogenic Salmonella bacteria were destroyed, indicating improvement of the bacteriological condition of the sludge. The average contents of heavy metals in sludge stored in Darzlubie are presented in Table 3 . These values do not exceed the levels permissible for sludge applied for landfarming. The total volume of drainage water was only 4 m 3 , which is 10% of the volume of loaded sludge (36 m 3 ). The average concentrations of COD Cr , N tot and P tot in drainage water were similar to concentrations in treated sewage and were lower than the corresponding values in drainage waters from typical drying beds (Nielsen, 1993) (Table 4 ). The average loads of these contaminants in effluent represented only about 1-4% of the load of contaminants discharged with raw sewage.
The reed lagoon in Swarzewo was in operation between May 1995 and September 1998. In this period of time it was loaded with a 10.5 m layer of secondary sludge. When the utilisation process was completed, the thickness of the sludge layer was equal to 1.1 m and the content of dry matter in residual sludge was 359.5 tons (Figure 3 ). This rather large thickness of the residual sludge layer resulted from loading huge volumes of sludge, leading to destruction of reeds in several places. It was the main reason for halting operation of the lagoon.
The organic matter content in the analysed time period decreased from 75 to 60%. At the same time, moisture of sludge decreased from 92 to 86%. The total nitrogen concentration , 1997) .
The yearly average amounts of sludge loaded to the reed lagoon in Zambrów and remaining in the lagoon are presented in Figure 4 .
The average loading was equal to 34 kg d.m./m 2 ⋅year. In the operation period, the volume of drained-off effluent was approximately 100-120 m 3 /day. Content of dry matter in residual sludge was 410.5 tons. The quality parameters of dewatered sludge are presented in Table 5a and b.
The quality of effluent is given in Table 6 . Similarly, as in the case of the facility in Darzlubie, the loading of contaminants in the effluent represented from 3 to 10% of the load of contaminants discharged to the facility. 
